A one-dimensional hybrid particle code is used to study the interactions between upflowing thermal ions from conjugate ionospheres. The simulation model allows for multiple species, convection of plasmaspheric flux tubes, and Coulomb serf-collisions which conserve momentum and energy locally. The model incorporates a variable-flux boundary condition where the flux, at the boundaries, approaches zero as the plasmasphere fills and equilibrium conditions are reached. The effects of two important processes on plasmaspheric refilling have been considered. The first includes convection of the plasmaspheric flux tube. The second is the interaction of ionospheric thermal plasma and particle injection from an extemal source. Particle injection seems to play an important role in the evolution of the total particle distribution on the early timescales (t < 1 hour); however, for late timescales (t > 8 days) the thermal plasma from the ionosphere dominates the particle distribution.
INTRODUCTION
In the early 1960s, Gringauz et al. [1960] noted drastic decreases in the thermal ion fluxes at several Earth radii (R E ) measured by LUNIK 1 and 2. This rather sharp "knee" in the density of the equatorial thermal population was rediscovered by Carpenter [1963] , using whistler wave observations. These observations determined that there was a region of relatively high plasma density (plasmasphere), which extended out to geocentric distances of 3-5 R E, bounded by a sharp density decrease (plasmapause) for larger geocentric distances. At the outer boundary of the plasmasphere, the plasma density decreases by as much as 2 orders of magnitude (from 300 to 3 cm -3) over a distance of less then 0.2 RE (--1300 km) [Lemaire, 1985] .
The plasmapause density gradient is thought to be formed by peeling off the relatively dense plasmasphere [Nishida, 1966] tube continues until an equilibrium is obtained. This refilling process is a dynamic and continual process that depends on geomagnetic conditions. In the late 1960s and early 1970s, various issues of plasmaspheric refilling have been addressed observationally [Parks, 1970 [Parks, , 1974 [1984, 1986] examined thermal ion densities in the midlatitude plasmasphere and the ionosphere measured by the Dynamics Explorer (DE) 1 and 2 spacecraft. They found during and immediately following a period of intense geomagnetic activity (K•,-6-7) that there was no measurable thermal/plasmaspheric ion density beyond approximately L=4. However, during the recovery period the ion density increased to more than 20 ions cm '3 in a relatively flat profile extending from L--4 to 8, indicative of plasma inflow from the ionosphere. Sojka and Wrenn [1985] also investigated refilling using observations of thermal protons from GEOS 2. During periods of low geomagnetic activity, there are indications that the plasmasphere extends beyond geosynchronous orbit. They found that refilling can be broken into three stages: (1) for equatorial densities below 20 ions cm '3, the ion populations remained field aligned, (2) for equatorial densities above 20 but below 100 ions cm -3, the ion distributions were isotropic with high temperatures ranging from 1 to 5 eV, and (3) for equatorial densities above 100 ions cm -3, the ions were isotropic with temperature between 0.5 to 1.0 eV, finally become "plasmaspheric" in nature.
Many theoretical models have been developed over the past two decades, originating with the work done by Banks et al. [1971] who proposed a two-stage refilling scenario. The supersonic flows from the ionosphere (driven by a large pressure gradient along the line of force of a depleted flux tube) meet at the equator and form a pair of shocks which propagate in opposite directions away from the equator (top) to the two conjugate ionospheres (bottom). The plasma between the shocks is dense, relatively warm and subsonic. Once the shocks reach the ionosphere, the subsonic refilling stage begins near the topside conjugate ionosphere. More recently, the theoretical models can be divided They included the effect of Coulomb collisions, which modify the initial pitch angle of the ions. Coulomb collisions or wavep•rticle effects •re necessary in order to modify the "ballistic" orbit of the particle, so that trapping and continual filling of the plasmaspheric flux tube is possible. Wilson et al. [1992] used a constant-flux boundary condition and only the upgoing contribution of a nondrifting Maxwellian is used for the injected particles from the ionosphere. Interestingly, the semikinetic simulations yield very different results in comparison to the single-and two-stream fluid models. Wilson et al. [1992] found that no shocks were formed at the equator and that refilling occurred from the bottom 0onosphere) to the top (equator) of the flux tube. They found that refilling occurs on timescales comparable to that observed by Parks [1970, approximately $ days for an oe shell of 4. Even though the refilling dynamics are different between the kinetic and fluid simulations, the kinetic simulation allows for direct access of the ion particle distribution.
In this paper, we present a hybrid (semikinetic) model of plasmaspheric refilling similar to that of Wilson et al. [1992] . The simulation follows the guiding centers of the ions and treats the electrons as a fluid. The effect of Coulomb collisions is included through the use of a collision algorithm developed by Takizuka and Abe [1977] and a convection routine which models the transport of plasmaspheric flux tubes. We present three cases of plasmaspheric refilling, using one set of parameters and varying only the oe shell. Specifically, the first case uses a variable-flux boundary condition, where the injected ions are assumed to have velocities distributed as a drifting Maxwellian. In the limit of a hydrostatic equilibrium, the injected particle distribution at the boundary approaches a nondrifting MaxwellJan since the drift speed approaches zero (this produces a zero net flux assuming the other half of the Maxwellian is leaving the simulation domain and entering the ionosphere). In this case, the electric field approaches eEll=m/2g. For the second case, an L--4 flux tube near diffusive equilibrium is convected to an L shell of 10 and broken. At the equator all particles that flow across the equator are absorbed and, by maintaining the flux from the ionosphere, a "polar" wind solution along the separated flux tube is produced. The flux tube is reconnected after 4 hours and convected to L--4, where refilling is allowed to proceed as previously discussed. The final case is similar to the second, except that a solar wind flux at the equator is injected at the upper boundary of the broken flux tube, simulating connection to the interplanetary magnetic field. The latter case demonstrates the influence of injected plasma from a source, such as the low latitude boundary layer, on polar wind ouffiow and plasmaspheric refilling.
We begin in section 2 of this paper with a brief overview of the simulation model, a description of the boundary conditions, a discussion of the technique for determining an average deflection angle from Coulomb collisions, and the model for the convection of the magnetic field. In section 3, the results of the three case axe presented, while in section 4 we summarize our principle findings.
SIMULATION METHOD
The hybrid simulation code, which is discussed in more detail in the appendix, is electrostatic and treats the electrons as a massless, isothermal, charge neutralizing fluid and the ions as discrete particles. Since the electrons are massless, quasi-neutrality is maintained and the polarization electric field is obtained by the zero mass limit of the electron momentum equation. The lowfrequency approximation for charge conservation yields a divergenceless total current, which implies that the ions and electrons have equal flow velocities, U e=U6 assuming quasineutrality and no external current. The guiding centers of the ions are followed in time and space and the interaction between the ions and the electric field is calculated self-consistently. The simulation is one-dimensional in space, but the particle velocities are two-dimensional. Aperiodic (absorbing) boundary conditions for both particles and fields are used, based on the idea that the simulation domain models plasmaspheric flux tubes attached to ionospheres in conjugate hemispheres.
The simulation domain is parallel to the magnetic field which is assumed to be dipolar, so that an L shell is specified in each case. The discrete guiding centers of the ions are acted upon by the gravitational, magnetic mirror, inertial forces, and arebipolar 
Flux Boundary Conditions
The simulations presented in this paper uses a variable-flux boundary condition. The total net particle flux can be written at each point as a sum of the upgoing and downgoing particle fluxes,
where v b is the beam velocity, vth is the thermal velocity, and "s" is the position along the magnetic field. For a drifting Maxwellian the upgoing (1"*) and downgoing (P) contributions can be written where n is the density taken in the first simulation cell. The value of the saturated ion density is somewhat arbitrary since (5) is only an approximation for the complicated interaction between the ionosphere and plasmasphere. As the plasmaspheric density approaches the saturation density, the total particle flux decreases and approaches zero. The ion injection velocities are determined from Fo?nvb and (5), which subsequently determine the injected particle fluxes (equations (2) and (3)). For increasing plasmaspheric density, the particle flux decreases and correspondingly the injection velocity approaches zero. Hence the variable-flux boundary condition approaches the constant-flux boundary condition in equilibrium . The flux leaving the simulation domain (into the ionosphere) near equilibrium, is of the order of the injected flux, producing a zero total particle flux at the boundaries. As discussed above, one simulation particle corresponds to 0.2x109 real particles for F,,u= ' 
Coulomb Collision Algorithm
The effect of small angle Coulomb collisions is included in the model using a method developed by Takizuka were found to be fairly insensitive to the number of particles, the time step, and the inclusion or exclusion of Cbulomb collisions. The inertial force was found to dominate the plasma evolution in phase space. Two acceleration mechanism contribute to produce the observed velocities in Figure 4c . The f•rst is from an electric field due to a density maximum that occurs at the equator as the beams move into opposite hemispheres. The electric field is directed outward from the equator toward the ionosphere which accelerates the plasma away from the equator. This electric field is relatively small and does not further accelerate the plasma above 2.5 vtn. Figure 4c is from plasma first being accelerated toward the equator on its outward journey and then deaccelerated as it crosses the equator and the plasma moves toward the conjugate ionosphere. The plasma feels a nonsymmetric acceleration about the equator since the magnitude of the force depends on the parallel velocity. As the particles are accelerated toward the equator and traverse into the conjugate hemisphere, the magnitude of their velocities have increased that drives a de-accelerating force which produces the observed hook formation in Figure 4c . Without the functional dependence on parallel velocity in the inertial forces (equation (13)), the acceleration would be symmetric and no hook structure would be generated. 
Convection With Particle Flux at Reconnected Boundary
The plasmasphere, subject to the magnetospheric convection electric field, intersects the magnetopause at various times, releasing its plasma to the low-latitude boundary layer (LLBL) and to the interstellar medium as a field line convects antisunward into the inner magnetotail, subsequently reconnects, and then is convected sunward during the refilling process. In this section we will try to partially model this complicated phenomena with some approximations. The first approximation is the assumption of a single electron temperature model. As discussed in the section 2, the interaction between two electron populations, ionospheric electrons (0.25 eV) and electrons from the LLBL (100 eV), at two different temperatures, requires the solution of the electron energy equation in order to fully describe the polarization electric field. However, as our first approximation to the problem we will treat the electrons as isothermal which means the LLBL electrons are considered at 0.25 eV. The effect of reducing the LLBL temperature reduces the magnitude of the polarization electric field. The second approximation is that the convection over the polar cap has been ignored due to the our present magnetic field geometry (dipole). In the future, we will include a more realistic magnetic field model.
The simulation we are presenting in this section is similar to the dynamic scenario present in the previous section, but with a flux from the equator assumed. We apply a flux that would be After an additional 8 days of refilling, the particle distributions in phase space, the equatorial density and average parallel and perpendicular temperatures as a function of time are similar to those obtained in the previous case in which zero flux at the equator is assumed. The addition of particles from the boundary changes slightly the initial phase space particle distributions; however, after 8 days of refilling that information is lost due to the large number of thermal particles from the ionosphere. The thermal population tube content is approximately 2 orders of magnitude larger than the initial tube content before refilling at an L shell of 4.
SUMMARY
We have investigated the properties of plasmaspheric refilling under the influence of convection and particle injection with a variable-flux boundary condition. We have used a hybrid code We have shown that the variable-flux and electric field boundary conditions allow the system to approach equilibrium. As the density in the plasmasphere increases, the flux decreases along with a transition in flow speed from supersonic to subsonic flows. The electric field also changes as the flow speed undergoes the transition. In the limit of zero flow, the electric force approaches its diffusive equilibrium value of half the gravitational force (eE,=m/2g). Within 8 days, the variable flux decreases slightly with a flow speed somewhat less than 1.0 Vth. The variable-flux boundary condition produces an injected flux which is 4 times greater than that produced by the constant-flux boundary condition after 8 days for similar ionospheric conditions. Since the boundary conditions are different, the macroscopic quantities such as the density and parallel and perpendicular temperatures are similarly different. The equatorial density was found to be 2.0 n o (n o is the initial ionospheric density (100 cm-3)) which is a factor of 4 greater than that obtained using the constant-flux boundary condition [Miller et al., 1992] . The ionospheric density, using the variable-flux, was allowed to change during refilling and was found to be 400 cm -3 after 8 days of refilling. The average parallel and perpendicular temperatures were found to be Tii=Tñ--1.9 To for the variable-flux case, a factor of 2 greater than that obtained for the constant-flux boundary condition [Miller et al., 1992] .
The second and third cases that we studied concentrated on the early time (t < 1 hour) and late time dynamics (t > 8 days) of plasmaspheric refilling under the influence of convection and particle injection. The early time dynamics focused on the evolution of the particle distribution, where the late time dynamics elucidated the asymptotic state of refilling. In both cases, the plasmaspheric plasma is convected from an L--4 to an L=10, while the changing orientation of the magnetic field unit vector introduces an inertial force which accelerates the particles toward the geomagnetic equator. For the second case the flux tube was broken at the equator and the plasma crossing the equator was absorbed. After 4 hours, the flux robe content decreased by 2 orders of magnitude from 2.1x1013 particles to 5.2x1011 particles. ionosphere-plasmasphere coupling is important in terms of understanding the detailed physical processes of plasmaspheric refilling. The sensitivity of the macroscopic variables on the choice of boundary conditions can be seen when comparing results from the constant-and variable-flux boundary conditions. Once the ionospheric source region is modeled accurately, coupling to the ring current through a self-consistent potential [Miller and Khazanov, 1993] and wave-particle effects [Gorbachev et al., 1992] can be modeled given accurate densities and temperatures from the kinetic simulations. The second result is that convection and particle injection can change the initial condition for plasmaspheric refilling on short timescales (t < 1 hour); however, for long timescales (t > 8 days) this information is lost due to the relative small number of particles initially present in the flux tube relative to thermal plasma from the ionosphere in equilibrium. Effects due to waveparticle interactions driven by the free energy in the counterstreaming beams may be important before the beams disappear roughly 12 hours after refilling starts. For late times, a more important process would be the interaction with waves generated by some other mechanism, such as those generated in the ring current [Linet al., 1992] . However, Linet al. [1992] consider a phenomenological heating source and more work needs to done involving self-consistent wave-particle heating. where n e, me, and Ueare the electron density, mass and velocity, respectively. Assuming an isotropic pressure (for simplicity), (A1) yields a relationship for the polarization electric field injection of plasma for the early timescale are slightly different, than with no LLBL injection (previous case); however, the two results are identical near equilibrium for an L=4 shell on late timescales.
APPENDIX A: BASIC EQUATIONS AND DIFFERENCING $CHElViES
Two main results were obtained in this paper. The first is that in order to correctly model the macroscopic and microscopic physics, the source region for the polar wind and plasmasphere must be modeled accurately and requires information down to an altitude near 200 kin. Thus self-consistent modeling of the• eE, 1 • =---n,T, 
A.2. Difference Scheme
The ions are treated by standard particle-in-cell methods [Forslund, 1985] In a similar fashion after the particle is moved, its density is accumulated on the grid by the same linear interpolation. The reader is referred to the work of Winske and Omidi [1992 and references therein].
